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Abstract—An accurate estimate of land surface temperature, I. INTRODUCTION
which is a key parameter in surface energy balance models, re- .
quires knowledge of surface emissivity. Emissivity dependence on N ACCURATE estimate of land surface temperature
soil water content has been already reported and modeled under (LST), which is a key parameter in long-wave surface

controlled conditions at the laboratory. This paper completes and energy balance models, requires knowledge of land surface
extends that previous work by providing emissivity measurements emissivity (LSE). Thermal infrared (TIR) remote sensing pro-

under eld conditions without elimination of impurities, local : : R .
heterogeneities, or soil cracks appearing in the drying process. The vides an ideal method for the derivation of LST and LSE with

multispectral radiometer CE312-2, with ve narrow bands and a & variety of spatial and temporal resolutions, depending on the
broad band in the 8-13um range, was used, and surface emis- Sensor used [2]-[4]. It is known that changes in surface soil
sivity values were determined through a temperature—emissivity moisture (SM) yield variations in surface emissivity that should
separation algorithm. A bare soil plot 0f 10 x 17 m? was selected pe accounted for in order to improve LSE characterization in
for this study in the framework of a camelina 2010 experiment. i te models and minimize errors in model-simulated LST
This experiment was carried out during March and April 2010 . . S
at The University of Arizona Maricopa Agricultural Center in and surface uxes. H(_Jwever, studies _analyzmg the emissivity
central Arizona, USA. The soil plot was ood irrigated every and SM dependence in the TIR domain are still scarce [5]—[9].
two to three days and left to dry. Field emissivity measurements Mira et al. [1] provided the results of TIR emissivity variation
were coIIectled under cloud-freg skies, around noon, for different with SM for a set of 14 soil samples of different textures.
values of soil water content. Soil samples were collected to estimateThese authors showed a common increase of emissivity with

the soil moisture (SM) using the gravimetric method. An overall . .
increase of emissivity with SM was obtained in all channels. SM, more apparent in the 848 range, while the 10-1@m

However, when wetted soils subsequently dried, the nal minimum channels showed little variation with either soil type or SM.
emissivity was greater than the initial minimum emissivity. This Mira et al. [1] obtained soil-speci ¢ and general approaches
hysteresis could be due to cavity effects produced by soil cracks to model TIR emissivity and SM dependence from laboratory
not originally pre_ser_lt._Thus, the deterioration_of soil_surface tends measurements using the two-lid variant of the Box method [10].
to reduce the emissivity spectral contrast. Soil-speci ¢ and general Before and during each series of emissivity measurements, the

relationships obtained by Mira et al. were tested and compared | . i K inain th .
with the eld measurements. Field emissivities agree within 205 Sa@mple was mixed, and soil cracks appearing in the drying pro-

with the modeled values for all bands under noncracked surface Ce€ss were eliminated. Hullest al.[11] carried out a laboratory
conditions, whereas differences reach 5% in the 8-fim range experiment to investigate the temporal TIR emissivity variation
when cracks are present. of two water-saturated sand samples. These authors used an
Index Terms—Remote sensing, soil cracks, soil moisture infrared spectrometer with an integrating sphere to measure the
(SM), temperature—emissivity separation (TES) method, thermal emissivity of the sand samples contained in small Petri dishes.
emissivity. Field measurements may differ from the results obtained in
laboratory due to a variety of factors that cannot be controlled
outdoors. This study is the rst check on the validity under
eld conditions of the relationships between TIR emissivity
_ _ _ and SM previously obtained in [1] from controlled laboratory
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(a)

Fig. 1. Bare soil test plot at Maricopa. (a) View of plot from the north. (b) View from the southeast, showing typical experimental setup with theuiged
thermal radiometer.

5 | TABLETI N while the dry soil surface layer remained unaltered. This was
Mslg:R O e Lt oINe OS;'TLl or BULK DENSHY, “Iﬁ'ECRﬁ;’:ISEi]T the consequence of the periodic ooding and drying events that
WILTING POINT (PWP),AND FIELD CAPACITY (FC) caused soil crack development. For this reason, we focused
Soll property Vo on the wet plot (Fig. 1). Thg measurements were carried out
Sand 7% 1 from the end of March to middle of May, 2010. Only cloud-
silt, % 14.7 free skies and calm-wind conditions were accepted. A total of
Clay, % 20.2 13 days were considered. Radiance measurements were taken
Texture (USDA) sandy clay loam with the high-precision multichannel TIR radiometer CIMEL
OM, % 0.43 Electronigue CE312-2 [12]. The instrument has ve narrow
CaC0;, % 22 bands and one broadband in the spectral region between 8 and
Sl‘jﬁ(”gé n/;’ity gem® ?_84'; 13 pm. Table Il shows the main technical speci cations of the
PWP. mm™ 0.121 CIMEL instrument. The similarity between the CE312-2 bands
FC, m’m™ 0.225 and the Advanced Spaceborne Thermal Emission and Re ec-
"Taken from sample LW52 in [1]. tion radiometer (ASTER) TIR bands allows the application of

the temperature—emissivity separation (TES) [13] algorithm for
recovering surface emissivities from the ground-based mea-
surements with no need to modify the calibration curve used
A. Experimental Setup by the TES algorithm. Table Il also shows the speci cations for
a predecessor instrument, i.e., the CE312-1, which was used in
fal] for developing emissivity—SM formulations. Note that the
mismatch between the spectral ranges of the channels of the
?wo CIMEL radiometers, namely, CE312-1 and CE312-2, may

R . . ield some minor differences in the emissivity results, but the
each. A ood irrigation system was set with water supplied bg : . . . X

verall ndings of this paper will remain unaltered. A series of

152-mm gate_d pipe (Fig. .amelina sativa, an oil seed crop, eld emissivity measurements was collected in each soil plot
was planted in 38 of these plots, whereas 2 plots were matn—

. . . or different values of soil water content.
tained as bare soil to serve as a reference during the camelina
2010 experiment. One of the plots was ood irrigated every
two to' thrqe day§ and left to dry, Wheregs the other was keé?t SM Measurements
dry, with rain as its only water supply. Soil presented the samé
properties at both plots (shown in Table ). However, the struc- The gravimetric method was chosen for measuring the SM

ture of the wet soil surface layer deteriorated with time (Fig. 2§jnce this is the most accurate technique. This is a destructive

Il. FIELD MEASUREMENTS

We selected a eld area located at The University of Arizon
Maricopa Agricultural Center (MAC)33°04’ N, 111°58 W;
361-m altitude) in central Arizona, USA. The 1.3-ha sit
(MAC eld 111) was divided into 40 plots, 10 nx 17 m
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Fig. 2. Close-up view of the soil surface at different stages. Each image covers an area approximately 60 cm by 60 cm. Four stages are illustratatl: (a) No
applied, (b) after the rst ood, with an average crack density of 2.999.6%, (c) after ve oods, with an average crack density of 4.689%0.5%, and (d) after
ten oods, with an average crack density of 4.9%0.5%.

TABLE I relationship between the range of emissivities for a set of
TECHN'CétESCPTE:AE'ICQAJ'E%NQOJZ_TAEJ;ERE“Q’ELZ?ZA’Dé?égFVRESC'ME" TIR channels and their minimum value. It needs multispectral
WAVELENGTHS (Aeff), AND SPECTRAL RANGE (A)) measurements but does not require either multitemporal or
CE312-2 Derr Al CE312-1 o m m_ultidirectional observations. For a multispectral TIR sensor
channel (um) (um) channel (um) (um) with n channels, there ane + 1 unknowns § spectral emis-
1 B 801 -1334 1 _ 80-133 Sivities plus one LST) but onlp measurements, so additional
2 11296  10.86-11.71 2 1196 11.5-124 information is required.
3 10.567  10.16 - 10.96 3 10.80  10.2-113 In TES, the ill-posed problem is addressed by combining
4 9.145 8.95-9.34 three prior approaches to obtain an improved accuracy for the
2 Z'izg g';z'g'gg 4 8.82 83-93  estimates of emissivity absolute values. The rst of these is

the normalized emissivity procedure (NEM), which uses an
initial value of emissivity (typically,e = 0.95 for bare soils)

method based on the immediate determination of soil wat& obtain temperature values for each channel. The maximum
content [14]. In order to consider the SM variations caused Egmperature calculated is considered as the initial value of
vapor exchange with the air above the sample, concurrentlt®!. Which, in turn, is used to obtain revised estimates of
the emissivity measurements, we took four soil samples of iitg emissivities for every channel. The second approach is a
to 30 g from the three rst centimeters in depth. Their averag’étio procedure, which obtains relative emissivities, by ratioing
value, together with their error, was considered as the SINEM emissivities to their average value. The third approach is
measurement. Taking into account that the radiance obser{@ maximum-minimum difference (MMD) procedure, which
by a TIR radiometer comes from the rst few micrometers ofiS€S an empirical relationship between the minimum emissivity
the surface soil layer in direct contact with the atmospherémin) @nd the spectral contrast
we assumed that the surface vertical gradient in volumetric
SM was not an important parameter for this study. The soil
sample masses were measured with a balance with an accuracy
of 107° kg. Because of this high accuracy, the SM error was, in
general, caused by the nonideal homogeneity of SM during theequation (1) is derived from the laboratory spectral mea-
measurement process. Following the gravimetric method, th&rements of soil, vegetation, and water and is appropriate for
sample is weighed before and after a 24-h drying period in agricultural areas [15].
oven at 105C. The ratio of the mass of water present to the dry Using the CE312-2, four measurements of the at-surface ra-
weight of the soil sample constitutes the gravimetric SM. Hergiancel $"'f (wherei is a channel index) per channel were made
SM is expressed as the ratio of the volume of water presentdger each location. Each channel measurement requires 20 s,
the total volume of the wet soil sample. This volumetric SM cagind thus, measurements for all channels require 2 min. Eight
be obtained from gravimetric SM by considering the measuregta sets of ;"** were measured over each site so that multiple
bulk density of the sample. emissivity spectra can be retrieved for comparisons. Close in
time, a series of radiometric measurements of the sky was
C. TES Algorithm made to estimate the downwelllipg atmospheric .radiarféé.
Since only cloudless sky conditions were considered and the
The TES algorithm was originally developed to produce therea was free of trees or buildings, the effect of errortsﬁilﬁ(
standard products of surface temperature and TIR emissivitigas small.
from the ASTER data. Here, a variant was used for ground-The TES algorithm was then applied, and spectral emis-
based measurements. The algorithm is based on an empirgaties were calculated using a simpli ed expression of the

Emin = 0.985 — 0.738 MM D856, 1)
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radiative transfer equation of the different subsets. The assigned error includes the effect of
. the spatial and temporal inhomogeneities of the measurements.
e _ Lsurf — 2 @) It was generally observed that emissivity increased with SM,

particularly when soil cracking was minimal. The cavity effect
produced by the presence of cracks in the soil tended to increase
whereB is blackbody spectral radiance from Planck’s law. the TIR emissivity values [19], particularly at lower wave-
Reference [16] showed in a sensitivity analysis that the effdengths (Fig. 3). Similar ndings were observed when emissiv-
of the radiometric error of the CIMEL on the TES results is ledties were related to cracking density for a xed SM content of
than 1% and that a systematic error of about 2% is obtained 09 n¥ - m~3 (Fig. 4). It is evident that the emissivity spectral
high-contrast surfaces. These authors also studied the in uemcatrast increases when the crack density is lower, particularly
of the nonsimultaneity of the measurements on the emissivithen considering emissivities before the rst ooding. In this
values retrieved by the TES method. Differences less than 0.2&se, when no cracks were present, emissivity values were the
were obtained for all channels, which were less than the stdmwest, particularly at shorter wavelengths, with the consequent
dard deviation of our TES measurements. We can then concluidlerease of the spectral contrast. We may then conclude that
that the nonsimultaneity of the TES measurements did ribe behavior of the TIR emissivity and SM dependence is
affect the accuracy of emissivity retrievals in our experiment.dramatically in uenced by the presence of soil surface cracks,
whereas the effect of the increase in crack density was much

less important, with deviations mostly less than experimental
[ll. RESULTS AND DISCUSSION errors.

Bi(T) — L3

A. TIR Emissivity and SM Dependence

Mean emissivities, along with their standard deviations, frofx Comparison With Modeled Values
the eld measurements are plotted versus the volumetric SMeference [1] determined a logarithmic dependence of
in Fig. 3. As expected, there is a common increase of THRR emissivity on SM following the equation
emissivities with SM. This increase is larger than the stan-
dard uncertainty of the measurements (Table Il1). The highest € =a; +0;0, +c;In(0,) 3)
variation of emissivity with SM, reaching 5%, is observed in
channels 4 and 5 (8.49-9.84n). This is due to the strong ab-Whereb, is the volumetric SM and,;, b;, andc; are the coef-
sorbing features of water in the region of the quartz reststrahl@ents for channeli of the CIMEL model CE312-1. Speci ¢
bands (7.7 and 9.jim) [12]. References [1] and [18] showedCcOef cients were given for the 14 different soil types analyzed.
that the emissivity of a variety of different soils varies fronWith the aim of improving the applicability of (3), general
1.7% to 16% with increasing SM content in these bands. TEeef cients (GCs) were also estimated [1]. In this paper, we
same maximum variation of 5% was obtained in [1] for a soiested both soil-speci ¢ coefcient (SSC) and GC relation-
sample (labeled as LW52) that is very similar in compositioghips. Furthermore, predictability can be improved by includ-
to the one studied here. However, the emissivity variatidRg other parameters that in uence the emissivity spectrum,
obtained in our study site is lower than that shown in [1] fosuch as organic matter (OM), quartz (Q), and carbonate (C)
larger wavelengths. The presence of carbonates in our sanfsigtents [1]

(see Table 1) can explain this different behavior since carbon- )
ate spectrum shows a weak absorption feature centered rfear & + DiBu + ¢ In(8,) +d;OM +&,0M” + f,Q +g,C
11.2um [17]. (4)

Note that emissivity errors are larger than average g@here a to g are empirical coefcients for each spectral
SM values around 0.20 mm~?. These are due to the inho-channeli, and theOM, Q, and C contents are given in
mogeneity of the soil surface under these SM conditions, whiglrcentage. One the one hand, Qecontent increases the
was characterized by dark and light patches within the soil plg ectance of the material and decreases the emissivity between
7.7 and 9.um, due to the weak absorption feature of the quartz
reststrahlen bands. On the other hand, the OM content, which is
highly absorbing in the 8-1@m region, reduces the apparent

Data were grouped into three subsets corresponding to dipectral contrast of these quartz reststrahlen bands [20].
ferent soil deterioration degree, drying time, and number of Figs. 3 and 4 show the results of applying (3) and (4) to
irrigation events. The drying process of the sample took two the different SM values reached in our experiment. Note that
four days, depending on the atmospheric conditions. At an eatiye coef cients in (3) and (4) were obtained for the four chan-
stage, the solil structure was smooth with no cracks [Fig. 2(ajiels of the CIMEL CE312-1, while the six-channel CIMEL
After the rst ooding, some cracks appeared [Fig. 2(b)]. AtCE312-2 was used in this study for the eld measurements.
this stage, the soil surface was deteriorating, where crackifgble Il shows the similitude of channels 1, 2, and 3 between
density, depth, and width all increased. Fig. 2(c) and (d) showee two radiometers, whereas the closest channel of CE312-2
the soil surface state after ve and ten oods, respectively. THe channel 4 of CE312-1 is channel number 5. Coef cients
value of the crack density (estimated by digital image procesrresponding to the sample LW52 in [1] were considered
ing) was used to quantify the degree of soil surface deteriorationthis study, given the similarity between their soil texture.

B. Crack Density Effect on Thermal Emissivities
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Fig. 3. Soil emissivity versus SM. Measured and modeled emissivities are shown for each of the six CIMEL 312-2 channels for SM ranging between 0.05 an
0.40 m? - m—3. Measurements are shown for three surface-cracking densities: 2.9%, 4.0%, and 4.9%. Modeling results are shown for the (3) and (4) approach
GC and SSC refer to general coef cients and soil-speci ¢ coef cients, respectively.

Moreover, note that some soil properties, such as the C contéram (3) when modeling the SM-emissivity variation for all

may have changed slightly during the experiment.

bands except narrow band 3. Also, the underestimation of the
The plots in Fig. 3 and the emissivity variation values listedbsolute emissivity values was more evident using the speci c
in Table 11l show that the GC from (3) was superior to the SS€oef cients in channels 2 and 3. However, for channel 5, the GC



SANCHEZer al.: THERMAL INFRARED EMISSIVITY DEPENDENCE ON SOIL MOISTURE IN FIELD CONDITIONS 4657

TABLE Il
EMISSIVITY RANGE (i.e., DIFFERENCEBETWEEN THEHIGHEST AND THELOWESTEMISSIVITY VALUE) WITHIN THE WHOLE SM RANGE
OBSERVED (Ag;) AND ITS ERROR(0(A¢g;)), AND THE AVERAGE OF STANDARD UNCERTAINTY OF THE MEASUREMENTS(dg;),
IN THE SIX SPECTRAL CHANNELS OF CE312-2. A SO, Ae; |SMODELED USING (3) AND (4)

CE312-2 Aci+ 5(Ag) 5 CE312-1 Ag; SSC Ag; GC from  Ag; from

channel ! ! / channel from Eq (3) Eq(3) Eq4)
1 0.030+0.011 0.004 1 0.017 0.025 0.024
2 0.017+0.006 0.006 2 0.027 0.016 0.020
3 0.024+0.008  0.006 3 0.030 0.017 0.021
4 0.053+0.012  0.009
5 0.049+0.012 0.009 4 0.025 0.047 0.039
6 0.036+0.014 0.009

included in Table IV. Note that the differences between the
modeled and the measured values were lower when using (4)
together with the OM, Q, and C content information. This
decrease was particularly signi cant for channel 5, supporting
the signi cance of the OM data in the modeled emissivity
values. Similar differences were also obtained when modeling
emissivity using GC from (3). Overall, the differences between
the predicted and the measured emissivity values were less than
2% for all channels when using GC from (3) and (4) together
with ancillary soil composition information. These results are
an improvement over those obtained in [16]. In that study,
agreement was less than 3% for the longer wavelength bands
at 10.6—, 11.3—, and 8-18n, while the Box method results in
overestimates that ranged between 2% and 7% for bands in the
8-94um range.

. o I . . . IV. SUMMARY AND CONCLUSION
Fig. 4. Emissivity spectra for differing surface-cracking densities at uniform

SM(0.09 ¥ - m™ ). The lines denote the TES-based measurements, while theThe T|R emissivities of a particular soil were measured under
symbols denote the modeling results from the (3) and (4) approaches. L . .
real eld conditions for a wide range of SM contents in order
to con rm the emissivity—SM dependence previously observed
from (3) shows a signi cant systematic underestimation. When laboratory measurements and modeled in [1]. TIR emissiv-
introducing OM, C, and Q content information through (4), ndies were determined using a ground-adapted version of the
signi cant difference in terms of SM-emissivity variation wasTES algorithm, together with the high-precision multichannel
observed when compared to the results from (3) using the GT#R radiometer CIMEL Electronique CE312-2. Soil water con-
Moreover, similar absolute emissivity values were reproducéehts were determined by using the gravimetric method.
by (4) and GC from (3) for channels 2 and 3, while signi cant The expected increase of emissivity with SM was con rmed
lower values were obtained for channel 5. The reason is the lawthis paper from the TES eld measurements. Also, the more
OM content of this soil, which increases the apparent spectegdparent increase in the 84%a range, due to the presence of
contrast of the quartz reststrahlen bands [20]. Q, and the little variation in the 10-J2m were maintained in
Fig. 4 compares the emissivity measured in the eld undéhnese eld measurements.
uniform SM conditions 4 0.09 m* - m~3) with those modeled A new nding in this paper is that the in uence of SM on TIR
by (3) and (4). The results from applying SSC (3) show lowmissivity also depends upon the conditions of the soil surface,
spectral contrast, closer to the cracked samples than to tlee, a different behavior of the increase of emissivity with SM
noncracked ones. This nding is contrary to what was expectésl observed, depending on whether the surface is cracked or
for laboratory measurements: Homogeneous nondeteriorated. Results have shown that the cavity effect produced by the
soil samples were anticipated to have relatively high spectmesence of cracks in the soil surface tends to increase the
contrast. This can be justi ed again by the higher value amissivity values under similar SM contents. Moreover, this
OM of the sample used to extract those SSC in [1] comparedange in the behavior was more abrupt after the rst ood.
to the OM content of the present soil sample, which tends Tdis tendency continued, but more moderately, when the crack
reduce the spectral contrast of the modeled emissivity valudensity, together with their depth and width, increases as a
as mentioned before. result of the progressive deterioration of the soil surface as a
The emissivity values, along with their standard deviationspnsequence of the oods.
from the measurements over the noncracked sample, are sun¥he relationships inferred in [1] under laboratory conditions
marized in Table IV. The results from (3) and (4) are alswere tested using the present data set. Good agreement was
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TABLE IV
MEASURED AND MODELED FIELD EMISSIVITIES FORNONCRACKED SOILS. LISTED FOREACH CIMEL CHANNEL ARE THE MEAN SPECTRAL
EMISSIVITIES (g), STANDARD ERRORS(d(¢)), SSC RROM (3) MODELED EMISSIVITIES, MEASUREDVERSUSSSC FROoM (3)
MODELED DIFFERENCES GC FROM (3) MODELED EMISSIVITIES, MEASUREDVERSUSGC FROM (3)
MODELED DIFFERENCES (4) MODELED EMISSIVITIES, AND MEASUREDVERSUS(4) MODELED EMISSIVITIES
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